Although outsourcing labor-and resource-intensive production to developing countries is based on financial motives, the decision should also be evaluated from an environmental perspective at a global scale. In this study, the environmental effects of four supply chain scenarios are analyzed through a life-cycle assessment (LCA) of a cast iron component. The study reveals that when upstream manufacturing activities are performed in Mexico, the Global Warming Potential (GWP), Ozone Depletion Potential (ODP) and ecotoxicity levels might be comparable with those of manufacturing activities performed in the U.S. However, in China-and India-based outsourcing scenarios, the GWP, ODP and ecotoxicity levels are two to three times higher than those of U.S.-based scenarios. The main causes of the higher levels of GWP, ODP and ecotoxicity in China and India are related to differences in the amount of scrap metal usage, sources of electricity generation, transportation modes, material transport distances, and emissions control practices.
INTRODUCTION
Environmental problems are global issues, and governments are addressing these problems on a global scale through the adoption of international treaties, such as the Montreal Protocol (1987) and the Paris Agreement (UNFCCC.COP 2015) . Such treaties are aimed at regulating the emissions of certain materials into the environment by placing the responsibility for their control on the participating countries; however, a number of studies (Davis and Caldeira 2010; Peters et al., 2011; Frankel, 2009) have indicated that international trade has made it more difficult for developing countries to achieve their targets. International outsourcing of intermediate products has been a common business practice in recent decades. Labor-and resource-intensive production is outsourced to countries that present lower associated costs (Yuskavage et al., 2008; Dachs et al., 2006) . The iron and steel industries are associated with energy-, material-and labor-intensive processes (Dalquist and Gutowski, 2004; Pal et al., 2008) . In 2014, 452 million tons of finished and semi-finished steel products were exported (29.1% of the total production in the world), with China exporting 92.9 million tons of steel products (WSA, *E-mail: mbahadir@murraystate.edu.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License 2015). In the same year, the top three importing countries and regions were the U.S., European Union countries, and South Korea. With regard to the metal casting industry, China, with 44.5 million tons of annual production in 2013, is by far the largest producer in the world, followed by the U.S. and India (MC, 2014) . In 2013, China, Canada, and Mexico were the top three suppliers of castings to the U.S. (FG, 2015) .
The environmental footprint of the iron and steel industries is associated with their consumption of energy and high levels of production (IEA, 2007) . Manufacturing iron and cast iron products is one of the major sources of CO 2 and toxic materials released to the environment (PESI, 2003) . In the global manufacturing sector, iron and steel industries are responsible for 27% of the total CO 2 emissions (IEA, 2007) . The main sources of CO 2 and toxic emissions are related to the generation of electrical energy, production and burning of metallurgical coke, melting of scrap metals, and processes for molding (IEA, 2007; PESI, 2003) .
Life Cycle Assessment (LCA) is a common approach to assess the environmental impacts of products, processes and systems supported by European Commission (ECJRC, 2010) and standardized by International Organization for Standardization (ISO 2006a, b) . In iron and steel industries there are numerous LCA studies conducted to measure the emissions, resource consumptions and health impacts associated with the production, usage and consumption of iron and steel products. Bieda (2012a) and Burchart-Korol (2011b) studied the pig iron production, and Bieda (2012b) and Chen et al. (2011) focused on the steel making process through basic oxygen furnace method. Environmental impacts of cupola furnaces are presented by Dalquist and Gutowski (2004) from the energy consumption point of view only and by Joshi et al. (2011) for the production conditions specific to India. However, there is no LCA study performed for cast iron production with cupola furnaces for the selected countries with the international transportation perspective included. In this study, the environmental issues caused by the current industrial practices in manufacturing and transportation systems related to international trade are discussed and the major differences in primary energy sources among trading countries are presented.
To estimate and compare the environmental impacts, the operations of a U.S.-based manufacturing company that specializes in manufacturing cast iron valves is studied and compared with that of four international supply chain scenarios.
METHODS
To track the environmental impacts, the Life-Cycle Assessment (LCA) method is applied. The LCA is a methodological approach to the environmental management of products and processes. In this study, guidelines from ISO 14040 and 14044 (ISO 2006a, b ) are adopted to perform the LCA study. According to the ISO reference Bahadir 161 documents, the LCA consists of four main steps: (1) Goal and scope definition; (2) Inventory analysis; (3) Impact assessment; and (4) Interpretation.
Goals
The goals of this study are to analyze and compare the environmental impacts of manufacturing a sand cast component through four alternative global supply chain scenarios.
Scope
A cradle-to-grave model, which includes relevant manufacturing activities based on the literature (Joshi et al., 2011; Dalquist and Gutowski 2004; ASMI, 2002) , is developed to manufacture a finished cast iron valve body. The scope of the study and the activities are presented in Figure 1 . The life cycle of the valve body starts with the extraction of raw materials and energy sources. Transportation, manufacturing and packaging are also included in the scope. For the final stage, the end-of-life recycling of the cast component is included.
Functional unit
In this study, the functional unit is the body of a control valve made of cast iron, and it weighs 1.542 kg. After machining, the weight is reduced to 1.361 kg.
Modeling
Four scenarios are developed to compare their global environmental effects. The upstream processes, including ore mining, pig iron production, and casting, are located in different countries with different characteristics. In each scenario, the downstream operations, which include machining, use, and end-of-life phases, are the same and located in the U.S. After the upstream operations are completed, the cast valves are shipped to the valve manufacturing plant in Tennessee (U.S.). In the first scenario, the upstream operations are located in the U.S.; in the second scenario, they are located in China; in the third scenario, they are located in India; and in the fourth scenario, they are located in Mexico. The countries were selected based on their production and export volumes to the U.S. (WSA, 2015; MC, 2014; FG, 2015) . For the downstream manufacturing operations, a Tennessee (U.S.)-based manufacturing plant is used as a reference.
Life-cycle inventory (LCI)
To create life-cycle inventories, the total resource consumption in the form of energy and material and the emissions into the air, water, and soil are quantified. LCI models are adopted from the National Renewable Energy Laboratory (NREL) LCI database (NREL, 2012) , GaBi database (GaBi 2011) and Chinese LCI database (IKEET, 2012) . If new data or parameters are found in the literature, the model is updated. If a model for these databases is not available, a new model is created from the literature. If the available model is not representative of the regional characteristics, then it is modified. Modifying the model with available regional parameters is a recommended method (de Eicker et al., 2010a, b) . The aggregate LCI and LCIA values are calculated using the GaBi software package, version 6.0 (GaBi, 2011) . In the next section, LCI models of major activities are explained. 
Pig iron production
Pig iron is a primary input material for cast iron parts. LCI models for pig iron production are created specifically for each country in the cradle-to-gate approach, and the first process is ore mining. To model the LCI of pig iron production, two sources are used. The first source is an LCI study conducted at a Canada-based integrated steel mill equipped with a blast furnace (ASMI, 2002) . Using this study, the models are derived for pig iron production from the U.S., India, and Mexico. The models are built by articulating suitable sub-models for the modifications. To model the raw material activities, the limestone extraction; lime production; iron ore exploration and development; hematite mining, crushing, concentrating and pelletizing; magnetite mining and processing; and coal exploration, mining and processing activities are included. Locations of raw materials, modes of transportation and the transportation distances are explained in the section titled "transportation models". To model the pig iron production, the sinter plants, coke ovens, blast furnaces, stoves, casters, and boilers are included in the system. For these activities, material and emission balances are derived from the reference study (ASM, 2002) , however, the input energy sources are replaced with current country specific values.
To model the China-based pig iron production, the Chinese LCI database is used. In the database, the process is modeled as a black-box process, and it is not suitable for modifications for other countries.
Casting with cupola furnaces
A reference model representing the operations of a foundry equipped with a cupola furnace is created and modified for each scenario. The cupola is the most common technology used in producing cast iron (BCSI, 2005; CAI, 2004; ILFSEL, 2010) . LCI models for casting processes are created according to the NREL database model. The model consists of melting, pouring, and cooling and then shakeout and post-shakeout operations (Sauer, 2016) . The LCI database model of the cupola furnace can be modified for each country by changing the origin of the electricity, the source of raw materials, the mix of the furnace charge, and the yield of the casting. The emissions values are adopted from documented actual emissions test results (TLLC, 2000; NREL, 2012; PESI, 1999) .
For the metallic charge mix, each foundry can use a different material mix ratio based on the availability of the charge materials. The charge mix of cupola furnaces consists of pig iron and scrap materials. In the U.S., the typical charge mix for cast iron consists of 20% pig iron and 80% scrap (Davis, 1996; Dalquist and Gutowski 2004; U.S.GS, 2013) , whereas for the Indian model, the ratio is 80% primary material and 20% foundry scrap (Joshi et al., 2011) . In Mexico, ferrous scrap currently constitutes 37% of the total material input in the iron-and steel-making industries (Flores, 2013) , whereas in China, the rate of scrap consumption is approximately 10% (BIR, 2015) . Based on the size of the cast part, the casting yield is assumed to be 70% for all countries (CAI, 2004) , with the remaining 30% allocated to knocked-off feeders and runners and rejected castings with defects. For all of the scenarios, all of the foundry scrap is assumed to be re-melted with 100% efficiency. Considering the scrap metal availability for each country and the casting yield, the cupola charge is assumed to be 70% pig iron and 30% foundry scrap for all scenarios except the first scenario.
Transportation models
To model the life-cycle inventories of the transportation activities, the manufacturing locations, distances, and transportation modes are identified. The distances are calculated by the Web mapping applications Google Maps (2016 ), sea-distances.org (2016 ), and Cargorouter (2016 . The locations for the mining sites, foundry sites and ports are based on personal conversations with the company design engineer, C. Lax (2015) as well as a literature review, the available modes of transportation, and the calculated shortest distances between the points of interest. The modes of transportation are determined from the literature.
Transportation model of scenario 1
In scenario 1, the iron ore is assumed to be mined from the Minnesota Iron Range and shipped to a steel plant in Ohio. The lime stone is extracted in Ohio, and the coal is mined in West Virginia. The limestone is transported by trucks 125 km. The iron ore is transported by train 80 km and then by ship 1,339 km. The coal is transported by train 552 km. The pig iron is transported from the Ohio steel mill to the foundry in Pennsylvania via trucks 204 km. The cast parts are carried to the valve manufacturing plant in Tennessee 1,090 km on trucks. Finally, the machined valve bodies are shipped to the dealers in the Midwest on trucks. The average shipping distance from the manufacturing plant to the dealers is assumed to be 480 km.
In this scenario, central and northeast heavy duty truck models from NREL-LCI are applied to simulate the truck transportation, and the NREL-LCI diesel train model is applied to simulate railway transportation. In the literature, bulk cargo ships for lake transportation are characterized as diesel-powered large ships with a capacity of up to 70,000 tons (U.S. DTMA, 2013). The NREL-LCI "diesel powered ocean freighter" model is applied to simulate water transportation.
Transportation model of scenario 2
In the second scenario, the LCI model of pig iron production includes all of the transportation-related LCIs; thus, ore transportation is not separately modeled, whereas transportation activities after pig iron production are modeled.
In China, 70% of the iron and steel production is located in the east, southeast, and northeast regions (U.S. ITC, 2005) , and Jiangsu is one of the top steel-producing provinces (Pan, 2011) . Thus, Jiangsu is selected for the location of the foundry. The cast parts are transported by trucks 95 km from the foundry to the port in Shanghai and then shipped 18,831 km to the port in Savannah, Georgia (U.S.). From Savannah, the cast parts are shipped to the valve-manufacturing plant in Tennessee by truck.
In China, nearly all transportation among suppliers, customers, manufacturers, warehouses, and shipping centers is performed by non-container-carrying heavy-duty diesel trucks (Jun and Bensman, 2010; Duan et al., 2015) , and the typical gross weight of these trucks is 17 tons (Li, 2014) . Thus, the "18-ton diesel truck" profile is adopted from the Chinese-LCI database. For ocean transportation, the "27,500-ton deadweight capacity, heavy fuel oil driven container ship" profile is selected from the GaBi database. For inbound transportation, U.S. truck profiles for the southeast and central regions are selected from the NREL-LCI database.
Transportation model of scenario 3
For India, all of the transportation modes (truck and train) and distances for the pig iron production activities are adopted from the study by Joshi et al. (2011) . The parameters for the remainder of the transportation activities are based on the assumptions made for the foundry and port locations.
In India, the foundry industry is geographically clustered around industry centers to minimize the transportation costs (U.S. ITC, 2005) . Since 46% of the foundries in Coimbatore are specialized in pump and valve manufacturing (Das et al., n.d) , for the casting location of valve bodies, the Coimbatore foundry cluster is selected. Indian foundries use the closest international port to ship their products (KPLIL, 2003) . For the Coimbatore foundry cluster, the international port of Cochin, which is 200 km away from the foundry, is the most suitable port. The total travel distance for water transportation is 21,836 km from the port in Cochin (India) to the port in Norfolk, Virginia (U.S.). From Virginia, the parts travel 1,313 km on trucks to Tennessee.
The characterization of locomotives is based on the engine type and carrying capacity. As of 2014, 5,633 diesel and 4,823 electric freight locomotives were operating in India. From 2013 to 2014, diesel trains traveled 558 km and electric trains traveled 473 km on average per day. In the same time frame, the average load of a diesel train was 1,560 tons and the average load of an electric train was 1,755 tons (GIMR, 2015) . Thus, from the GaBi database, a locomotive model with mixed fuel consumption (diesel and electric) and a gross weight capacity of 2,000 tons is selected. In India, heavy-duty vehicles handle most of the freight transportation and have average loads of 16.4 tons, and most of these trucks are equipped with diesel engines with emissions standards similar to Euro 2 (Joshi et al., 2011; JPSALC, 2011) . For truck transportation, the "22-ton payload capacity, Euro 2, cargo truck" model is selected from the GaBi database. For sea transportation, the "27,500-ton deadweight capacity, heavy fuel oil-driven container ship" model is selected from the GaBi database. Truck transportation in the U.S. is modeled according to the NREL-LCI models for the southeast and central regions.
Transportation model of scenario 4
For the fourth scenario, the state of Coahuila (Mexico) is selected as the location for all of the casting activities because of its proximity to the U.S. border, strength of ferrous industries, and availability of resources for producing iron (Espinosa, 2014; U.S. ITC, 2005) . The Hercules region has iron ore, the San Lorenzo region has limestone mines, the Golfo de Sabinas region has coal mines, and the city of Monclova in Coahuila is one of the top three casting producers in Mexico (SGMSE, 2014; U.S.ITC, 2005) .
The only mode of transportation available from Monclova to the Hercules and San Lorenzo regions is road transportation. The iron ore is transported 354 km by truck from Hercules to Monclova, and the limestone is transported 258 km from San Lorenzo to Monclova. The coal is transferred by trains 120 km. The cast parts are sent from Monclova to the Laredo (Texas) port of entry at the U.S.-Mexico border. U.S. trucks then pick up the cargo from the warehouses at Laredo and distribute it throughout the U.S. Cast parts are assumed to be transported from Monclova to Laredo (381 km) on Mexican trucks and from Laredo to Tennessee (1,649 km) on U.S. trucks.
The average age of Mexican trucks is seventeen years old (DGAF, 2015) , and the emissions standards for heavy duty trucks have been in effect since 1993 (ICCT, 2014). Based on the 
Electricity models
Electricity is the major form of energy consumed in every step of the product life cycle. Typically, 27% of the energy consumption in casting processes is electrical energy (Eppich, 2004) . Thus, the electricity production mixes for each country are updated based on the fuel sources.
U.S. electricity model
In the U.S., there are five non-unified power grids known as interconnections (U.S.EIA, 2015a). Because all of the manufacturing activities occur in the eastern region, only the eastern interconnection profile is modeled in the study. Among the available data sources, the oldest is the profile from the NREL database, which was modeled in 2000, whereas the GaBi energy model dates from 2010. Thus, the GaBi model is updated according to the electricity generation mixes and energy losses calculated from the U.S. Energy Information Administration monthly reports for the eastern interconnection (U.S. EIA 2015b, 2015c) is shown in Table 1 .
Chinese electricity model
In the GaBi database, China's electricity generation mix is modeled as a national average. However, China has seven power grids that work independently (U.S.EIA, 2015d). In this study, all of the casting activities are assumed to be located in the state of Jiangsu, which is served by the east power grid. Therefore, a model for the east power grid is created using the Chinese LCI database (IKEET, 2012).
Indian electricity model
India has had a unified power grid since 2013, and it uses a continuously changing energy mix (U.S.EIA, 2015e). GaBi includes an LCI model for Indian electricity generation processes, and it uses 2011 as the reference year. An updated electricity model is created based on the actual electricity generation for 2013 as shown in Table 2 (IEA, 2015 ).
Mexican electricity model
An LCI model for Mexico's electricity generation is not available in the Gabi database. Therefore, a new model is created using the available LCI sub-models with similar electricity production characteristics (Itten et al., 2012) and actual fuel mix ratios for 2014 (SE, 2015) . Because the Baja California power grid is not connected to the national grid and all relevant manufacturing (SE, 2015) . The reference submodels and fuel mixes are calculated as shown in Table 3 .
Machining
Machining operations consist of turning and thread-cutting operations. Three sides of the valve body are machined on a Mori Seiki LII CNC turning center (Lax, 2015) . The operations require 144 s, consume 1.66 MJ of electrical energy per part, and reduce the part by 181 grams on average, and the metal chips and cutting fluid are recycled. An LCI model is created for the machining operations, with electricity used as the energy input and the scrap metal and finished part used as the outputs. For electricity consumption, the U.S. east power grid LCI model is used.
Packaging
The finished parts are packaged for shipping in a heavy-duty corrugated cardboard box, which can hold 25 parts. The empty weight of the box is 670 g. A cradle-to-cradle corrugated box model is created using U.S.-specific LCI data (NCASI, 2014) . The use phase of the LCI box model includes transportation to the point of use; however, it does not include energy or resource usage during the use phase. Therefore, the weight of the packaging material is considered along with the finished parts in the transportation model from the manufacturing plant to the dealers.
Use phase
The valve body does not use energy or resources; however, under severe conditions, the valve body can erode by 20% before it starts to dysfunction (Lax, 2015) . Therefore, a significant amount of material loss is considered in the end-of-life calculations.
Life Cycle Impact Assessment (LCIA)
The LCIA is performed in two steps. In the first step, the LCIA is performed with the TRACI 2.1 LCIA method for the first scenario only. Using TRACI 2.1, the LCIA is performed on nine life-cycle impact categories as shown in Table 4 . TRACI 2.1 is specifically developed for the conditions in the U.S. (Bare, 2012) . Because the goal of the study is to compare the aggregate environmental consequences of different manufacturing scenarios that occur on a global scale, globally measurable categories are selected for the second step of the LCIAs. Based on the recommendations of the ILCD (ECJRC 2011) and the availability of the GaBi methods library, the Global Warming Potential (GWP), Ozone Depletion Potential (ODP) and ecotoxicity categories are selected for comparisons at the midpoint level.
For the GWP, the IPCC's Fifth Assessment Report (Pachauri and Meyer, 2014 ) is used as the reference for the 100-year midpoint indicators. Stratospheric ozone depletion is modeled by the EDIP2003 method using the ODP values published by the World Meteorological Organization (ECJRC, 2011). Finally, the USEtox method (Rosenbaum et al., 2008 ) is used to perform the midpoint ecotoxicity calculations, which are applied on a global scale.
RESULTS
The LCA of the first scenario using TRACI 2.1 is presented in Table 4 . The GWP analysis reveals that manufacturing the valve body in the U.S. produces a 3.61 kg CO 2 equivalent when the end-of-life recycling credit is included in the analysis. Among all of the main steps, casting and pig iron production have the highest impacts, with 2.15 and 0.961 kg CO 2 equivalents, respectively. The underlying source of the overall GWP is the carbon dioxide emitted from fossil fuel burning, which produces 3.59 kg of actual carbon dioxide emissions. Most of the fossil fuel burning is associated with electricity generation. Electricity is the primary form of energy used for many processes, and it has a 2.15 kg CO 2 equivalent GWP, of which 97.7% is generated from direct CO 2 emissions.
TRACI 2.1 calculates the acidification potential based on the emissions into the air and water. Among the chemicals with high acidification potentials, the emissions of sulfur dioxide (SO 2 ) constitute the highest share (64%) in the aggregate acidification potential at 0.0106 kg total emissions. Most of the SO 2 emissions occur during the burning of sulfur-containing coal and fossil fuels at power plants and during metal melting processes. Fifty-three percent of all SO 2 (0.0056 kg) emissions occur at power plants during electricity generation.
The eutrophication potential is calculated from emissions into the air and water. Sand casting accounts for the highest share of the eutrophication potential, and it is followed by pig iron production. Coal burning power plants and foundries account for 40% of the total eutrophication potential (0.0002441 kg N equivalent).
Ozone depletion is mainly caused by the release of halogenated compounds during the combustion of bituminous coal at foundries (36%) and the burning of wood and spent liquor in the pulp-making industry for the production of corrugated box material (59%) (NCASI, 2014) .
Among the main sources of ecotoxicity, heavy metals released into the air and water presents the highest contributions. Copper, zinc and chromium emissions from the cupola melting process account for 99% of the total ecotoxicity potential.
'Human health particulate air' is measured according to the amount of emitted particulates and their sizes. In this study, the main source of particulate emissions is the burning of coal at power plants and foundries, which account for 66% of the total emissions.
Regarding the human toxicity (cancer and non-cancer) category, heavy metal emissions from the cupola process have the most substantial toxic effects. Chromium +VI (0.00011 kg) emissions into fresh water are responsible for 92% of the total human toxicity cancer potential, and zinc +II (0.00218 kg) emissions into air are responsible for 99% of the human non-cancer toxicity potential.
Nitrogen oxide and volatile organic compound (VOC) emissions are two of the main contributors of photochemical smog formation. In this study, 85.6% of the total smog formation resulted from the emission of nitrogen oxides. Transportation is responsible for 40% of the total smog formation, and coal burning at power plants and foundries is responsible for another 40%.
For the scenario comparisons, the life of the valve body is analyzed in three stages. The first stage is the upstream stage, which includes ore mining, pig iron production, casting, raw material transportation and energy generation. The second stage is the transportation of the finished cast part to the valve manufacturing plant in the U.S. The downstream stage is common for all of the scenarios and consists of machining, packaging, shipping and using the valve body in the U.S. The cradle-to-grave LCIA results are calculated with and without end-of-life recycling. The LCIA results for each stage and the full life cycles are presented in Table 5 . Table 5 reveals that manufacturing the cast valve in the U.S. has the lowest overall GWP, which was primarily because of the transportation stage, scrap usage percentage, and coal-based electricity generation percentage for each country. For scenario 2, when only the upstream activities are considered, the contribution of coal-powered plants to the GWP is 3.55 kg CO 2 equivalent, whereas for scenario 3, the contribution is 5.21 kg CO 2 equivalent. The contribution of transportation activities to the GWP is directly related to the type of vehicle and the distances traveled. Interestingly, transportation for scenario 2 and scenario 4 has an equivalent GWP, although in scenario 2, the total distance traveled is 20,539 km, whereas in scenario 4, the total distance is 2,030 km. The equivalent results are related to the 18,831-km container ship transportation in scenario 2 and the 2,030-km heavy-duty diesel truck transportation in scenario 4. The difference between the LCIA results with and without the end-of-life recycling credit is more significant when the net scrap surplus is higher. For scenario 1, the net scrap surplus is 0.128 kg, whereas for the other scenarios, the net scrap surplus is 1.27 kg.
For the ODPs, Table 5 indicates that scenario 2 has the highest ozone depletion potential in all stages that occur in China. In scenario 2, halon 1301 is the main contributor of ozone depletion at 77%, whereas in the other scenarios, halon 1301 appears in negligible amounts. In terms of the major ODP activities, Chinese pig iron production is the main contributor in the overall life cycle at 2.96×10 -8 kg R-11 equivalent. For the other scenarios, methyl bromide emissions during bituminous coal burning and halogenated organic compound emissions during paper mill energy generation are the most significant sources of high ODPs. The ecotoxicity levels show that heavy metal emissions during the cupola melting process are the major source of the ecotoxicity potential. More than 99% of the overall ecotoxicity potential originates from metal melting-related heavy metal emissions. Because the same cupola melting model is used for all four scenarios and the remaining processes have negligible ecotoxicity potential, the overall ecotoxicity levels do not reveal substantial differences.
Sensitivity analysis
All of the scenarios are based on assumptions related to the critical parameters, technologies and methods. Because each assumption produces a certain level of uncertainty, sensitivity analyses are performed on all four scenarios to test the effects of the assumptions contained in the models.
For the first sensitivity study, the coke to metal ratio of the cupola furnace charge is analyzed. In the original scenarios, the coke to metal ratio is assumed to be 1:12.5 (8%), which is based on the NREL-LCI cupola furnace model (NREL, 2012) . This situation is possible with high-efficiency cupola furnaces with alternative melting systems, such as oxygas burners that burn natural gas. However, based on the reports of field studies conducted in China and India, the highest coke to metal ratios were 1:2.7 (37%) and 1:3.2 (31%), respectively (CAI, 2004; Pal et al., 2008) . To simulate the effects of change in coke to metal ratio, all scenarios are re-evaluated for a range of values from 8 to 37% coke ratio. In all scenarios, a linear positive trend is observed for GWP and ODP (Figures 2 and 3) . Because of low initial GWP and ODP values, largest percentage effects are observed on the U.S. based production. As the coke to metal ratio increases from 8 to 37%, GWP increases by 50% and ODP increases by 100% in the U.S. based scenario. Changing the coke to metal ratio has less than 1% effect on the ecotoxicity levels.
For the second sensitivity scenario, the percentage of casting yield is analyzed. The overall quality of the foundry (rejected parts), mold design (runners, gates, risers), and melting and pouring technologies are included as factors that determine the percentage of yield. Because the quality of castings and the level of casting technologies in India and China are lower than in the U.S. (U.S.ITC 2005), a range of values from 65 to 70% yield is analyzed for all scenarios. In all scenarios, a linear negative trend is observed for GWP and ecotoxicity (Figures 4 and 5) . Highest percentage effects are observed on the China based production. As the yield ratio increases from 65 to 70%, GWP decreases by 9% and ecotoxicity decreases by 8% in the China based scenario.
The third sensitivity study is modeled for the performance of emissions control systems. In the base scenarios, a baghouse dust filter is modeled to capture the particulate emissions into the air. According to the field studies of foundries in India and China, the application of an emissions control system is rare (CAI, 2004; ILFSEL, 2010) . Performance is analyzed between 0 and 100% particulate capture efficiency. 0% represents the condition with no emission control system. A lack of filters does not significantly change the ODP and produces a slight increase in GWP, whereas the ecotoxicity levels are reduced by 80% (Figure 6 ). The ecotoxicity level is significantly affected by the amount of heavy metal emissions into the air. The release of toxic materials depends on the type and condition of the scrap metal charge; thus, the ecotoxicity levels can vary widely from foundry to foundry.
DISCUSSION
In this study, the environmental impacts of outsourcing a product are analyzed through comparisons of four supply chain scenarios. The study is centered around a specific iron manufacturing industry that represents the casting of iron products with cupola melting technology, and it includes all of the significant activities, from raw material extraction to the end-of-life stage. For comparison purposes, a reference scenario is developed according to actual information and a literature review. To model the scenarios for outsourcing, variable inputs are identified and modified according to regional values. Whenever available, all of the regional values are determined according to regional averages; otherwise, the best assumption is made to minimize the cost or time of the relevant activity. Because electricity is used in every step of the manufacturing process, electricity production profiles are created based on the source of energy. Table 6 shows the significant differences between the potential environmental impacts of generating 1 KWh of electricity in each region of interest. High levels of GWP for India and China are related to high levels of coal consumption for electricity generation. Pig iron is a key ingredient in iron casting processes. The production of pig iron and the amount of pig iron usage have significant environmental impacts because of the associated coke consumption. In this study, a Canadian steel mill is used as a reference model because of it is representative of the production characteristics of the U.S. In the reference model, 437 kg of coke is used to produce 1,000 kg of pig iron. In the literature, the coke consumption varies from 330 to 589 kg for 1,000 kg of pig iron production (Burchart-Korol, 2011a, b; Bieda b, 2012; Thuresson, 1996; Liang et al., 2015; Eggleston et al., 2006) . Because the amount of coke used in the production of pig iron depends on the specific foundry, the reference model is used for all of the scenarios without modifying the coke consumption levels. Table 6 presents the estimated environmental effects of electricity generation, pig iron production, casting processes, and corresponding electricity consumptions in Table 6 reveals that environmental effects of electricity productions are significantly different for each country. However, environmental effects of "actual pig iron production per part" is substantially determined by the metallurgical coke burning and amount of pig iron used per part, and amount of pig iron used per part depends on the amount of scrap availability and usage. On the other hand, casting processes are heavily depending on the electrical energy, and as a result, country specific electricity production sources are more significant to explain the overall environmental effects of casting processes. Transportation is one of the main activities that produces detrimental effects on the environment. To model the transportation activities, first, the foundry locations are identified for each scenario. When selecting the foundry locations, the casting output, exporting characteristics, and distance to ports or target locations are evaluated. In scenario 1, the total transportation activities (including raw materials, cast metal and finished product transportation) produce a 0.485 kg GWP CO 2 equivalent, whereas in scenario 3, the same activities produce a 0.991 kg GWP CO 2 equivalent.
Modeling a cupola furnace is the most challenging task for LCIA studies because of the number of associated variables and assumptions. The furnace design, fuel type, charging technologies, charge material quality and emission control technologies are among the foundryspecific factors that can impact the working characteristics of a cupola furnace and subsequently affect the environmental emission levels (CAI, 2004; ILFSEL, 2010) .
Since the input parameters, assumptions and the results for each module or unit process that makes of the complete LCA are identified and presented in the study, it is believed that the study could be used by the LCA practitioners for commercial and research purposes by modifying relevant input parameters and assumptions with the use of an LCA simulation software.
Conclusions
Outsourcing the upstream manufacturing operations of a cast iron part to China, India or Mexico is an economically sustainable practice for U.S. manufacturing companies; however, it causes increases in the GWP, ODP and ecotoxicity levels. In the international trade of cast parts, amount of scrap usage, sources of electrical energy, furnace technology, and transportation distances, modes and technologies are found to be the main factors that control the magnitude of the negative environmental impacts.
In order to tackle today's environmental problems, preliminary research and practice should focus on both preventive and remedial approaches at the same time. On-site carbon sequestration at current power plants, steel mills and foundries should be promoted. For the new generation of power plants, investment in green energy sources should be prioritized. For the iron industries in specific, recycling and scrap usage should be promoted by educating the public and the industry leaders.
Some factories in developing countries might use more modern equipment with better eco-efficiency than the developed countries. However, in this LCA study, country 
